Leucine-Rich Repeat Kinase 2 (LRRK2 ) is a causative gene for the autosomal dominant form of Parkinson's disease (PD). The gene encodes the 280 kDa LRRK2 protein composed of domains such as leucine-rich repeats, Ras in complex proteins (Roc) followed by C-terminal of Roc (COR), mitogen-activated protein kinase kinase kinase (MAPKKK) and WD40. However, the normal function of the protein as well as its contribution to the pathogenesis of PD remains largely unknown. Here we describe the localization of LRRK2 in Golgi apparatus, plasma membrane and synaptic vesicles in cultured cells including mouse primary neurons. The membrane association of LRRK2 resists solubilization by ice-cold 1% Triton X-100, indicating its association through lipid rafts. To investigate whether mutations found in PD patients affect the localization of LRRK2, we transfected various LRRK2 mutants into cultured cells and performed fractionation experiments. Unexpectedly, the mutants are collected in both membrane and soluble fractions in a manner similar to wild type (WT). I2020T mutant LRRK2 associates with lipid rafts, similar to the WT. The lipid raft association of LRRK2 mutants as well as WT LRRK2 suggests that alteration of LRRK2 function on lipid rafts contributes to the pathogenesis of PD.
INTRODUCTION
Parkinson's disease (PD) is one of the most common neurodegenerative diseases and is characterized by progressive dopaminergic neuronal loss. Genetic predisposition has been proposed recently as one of the major factors in the development of PD. Indeed, six causative genes have been identified as causes of the monogenic form of PD. Among them, missense mutations in the leucine-rich repeat kinase 2 (LRRK2) gene have been found as the cause of autosomal dominant PD, one of the most common forms of familial PD (1 -4) . LRRK2 gene encodes a large protein of 2527 amino acids (a.a.) with a molecular weight of 280 kDa that contains leucine-rich repeats, Ras in complex proteins (Roc) followed by C-terminal of Roc (COR), mitogen-activated protein kinase kinase kinase (MAPKKK) and WD40 (5, 6) . Recent studies reported that LRRK2 protein exhibits kinase activity and that such activity is increased in its mutants (7, 8) . Consistently, increased kinase activity of the LRRK2 mutants induces neurotoxicity (9) . LRRK2 has also been reported to localize to cytoplasmic structures such as mitochondria, Golgi apparatus, endoplasmic reticulum and cytoskeleton (7, 8) . However, there is little information on the normal function of LRRK2 and its role in the pathogenesis of PD. Since LRRK2 is implicated in the pathogenesis of PD in conjunction with both a-synuclein and tau proteins (2) , characterization of LRRK2 should enhance our understanding of the pathomechanism of not only LRRK2-linked PD but also the sporadic form of disease.
In the present study, we used cultured cells including primary neurons from mouse brains to show the localization of LRRK2 in the Golgi apparatus, plasma membrane and synaptic vesicles. This membrane association of LRRK2 resists solubilization by ice-cold 1% Triton X-100, indicating that LRRK2 associates with lipid rafts, which are known to play important roles in cellular functions such as signal transduction, membrane trafficking and cytoskeletal organization (10) . We also investigated the effects of mutations found in PD patients on the biochemical properties of LRRK2. Intriguingly, the mutants behave in a manner similar to the wild type (WT), with regard to association with membrane including 
RESULTS

Characterization of anti-LRRK2 antibody
To detect LRRK2, we first generated a rabbit polyclonal anti-LRRK2 antibody with synthetic peptides at just the C-terminal end (2510 -2527 a.a.) of human LRRK2 (see: Materials and Methods section) (Fig. 1A) . Western blot analysis using this antibody reveals several bands including a doublet of 280 kDa, which correspond to the expected molecular size of LRRK2 in extracts of COS-1 cells, human striatum and mouse whole brains. All bands disappear when the antibody is preincubated with excess amount of the antigen, confirming the specificity of the antibody. The presence of multiple bands on western blot suggests that the protein is cleaved in the cells or during the process of cell lysis. On the other hand, western blot using FLAG antibody shows a single band of 280 kDa, corresponding to the lower band of the doublet (asterisk, Fig. 1B ) in lysates of COS-1 cells transfected with LRRK2 N-terminally fused with FLAG tag (FLAG-LRRK2). The difference in the molecular size between endogenous and transfected LRRK2 might indicate post-translational modification of endogenous LRRK2 or cleavage of transfected FLAG-LRRK2. In another control experiment, commercially available antibodies (rabbit polyclonal antibodies; Novus Cat No. NB300-268 and Chemicon Cat No. AB9682) also detect the enhanced lower band of the doublet in lysates of COS-1 cells transfected with FLAG-LRRK2, similar to our antibody, indicating the specificity of our antibody (Fig. 1B) . To further confirm the specificity of our antibody, HeLa cells were transfected with short interference RNA (LRRK2 siRNA) to block endogenous LRRK2 RNA. As shown in Fig. 1C , the corresponding bands for LRRK2 are weaker, indicating that our antibody recognizes endogenous LRRK2. Immunocytochemistry for endogenous LRRK2 in COS-1 cells using anti-LRRK2 antibody shows punctate structures in the perinuclear region, which disappear when using preabsorbed antibody ( Fig. 2A) . The distribution Figure 1 . Characterization of polyclonal anti-LRRK2 antibodies. (A) Schematic representation of LRRK2 expression construct in vector. This construct was designed with FLAG or FLAG-GFP tag. We raised anti-LRRK2 antibody against 18 amino acids at C-terminus. (B) Western blot of COS-1 cells transfected with FLAG-LRRK2 or empty vector as a mock, human brain (striatum) and mouse whole brain probed with anti-FLAG, anti-LRRK2, and commercially available anti-LRRK2 (rabbit polyclonal antibodies; Novus Cat No. NB300-268 and Chemicon Cat No. AB9682) antibodies. Specificity of our antibody is confirmed by a pre-absorption test. Asterisk indicates overexpressed FLAG-LRRK2. (C) LRRK2 siRNA but not siCONTROL RISC-Free depresses endogenous LRRK2 protein as shown by western blot in HeLa cells. Equal volumes of each were then blotted for LRRK2 and GAPDH as an internal marker.
of fluorescence for FLAG-GFP-LRRK2 fusion protein overexpressed in COS-1 cells is also similar to that of endogenous LRRK2 (Fig. 2B) . Furthermore, double staining with anti-LRRK2 and anti-FLAG antibodies is completely superimposed in a punctate appearance for FLAG-LRRK2 overexpressed in mouse cortical neurons, confirming the specificity of anti-LRRK2 antibody (Fig. 2C) . These data indicate that our anti-LRRK2 antibody recognizes endogenous LRRK2 and was used in the following experiments.
LRRK2 localizes to the trans-Golgi network and cellular vesicles
To investigate the subcellular distribution of endogenous LRRK2, we double-stained COS-1 cells with anti-LRRK2 antibody and antibodies for several markers of intracellular organelles. LRRK2 largely colocalizes with g-adaptin, a marker specific for trans-Golgi network (TGN), which is a subcompartment of the Golgi apparatus (11) . In addition to the Golgi apparatus, LRRK2 also overlaps, though to a lesser extent, with the early endosomes (EEA1), lysosomes (LysoTracker) and mitochondria (MitoTracker) (Fig. 3A) . To confirm the Golgi localization of LRRK2, we treated COS-1 cells with brefeldin A (BFA). BFA reversibly blocks the transfer of proteins from the endoplasmic reticulum to the Golgi apparatus and subsequently disrupts the structures of the Golgi apparatus (12) . Treatment for COS-1 cells with BFA disperses the staining of LRRK2 as well as g-adaptin from the perinuclear region to the cytoplasm, and washing out BFA from the medium results in recovery of the 
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Human Molecular Genetics, 2007, Vol. 16, No. 6 perinuclear localization of these proteins (Fig. 3B ). In addition, we performed the same experiments using COS-1 cells transfected with FLAG-GFP-LRRK2 fusion protein and found that the protein behaves in a manner similar to endogenous LRRK2 with regard to localization and response to BFA (Fig. 3C ). To further characterize subcellular localization of endogenous LRRK2 in neuronal cells, we performed doublelabeling experiments using differentiated SH-SY5Y cells and revealed that LRRK2 colocalizes with g-adaptin and synaptotagmin I, a major membrane protein of secretory vesicles budding from the TGN (Fig. 3C ) (13 -17) . Since synaptotagmin I is transported on transporting organelles before reaching the nerve terminal (18, 19) , the colocalization of LRRK2 with synaptotagmin I in neurites ( Fig. 3D ; inset square) indicates that LRRK2 also travels from the TGN to the nerve terminal on organelles same as those of synaptotagmin I. These results suggest that LRRK2 associates with cellular membranes and localizes to intracellular organelles. To demonstrate the membrane association of LRRK2 biochemically, we fractionated COS-1 and SH-SY5Y cells into 100 K pellets and supernatants corresponding to membrane and cytosolic fractions, respectively. As shown in Fig. 4A , a significant amount of LRRK2 is collected in the membrane fraction, consistent with aforementioned results of immunocytochemistry. LRRK2 has no obvious amino acid sequences for targeting signal and transmembrane domains based on computer analysis (20) , yet it associates with cellular membranes. How could this happen? To address this question, we examined the effects of ionic strength on the association of LRRK2 with cellular membranes. Under low-salt conditions at neutral pH, LRRK2 is recovered mostly in the pellet. Increasing the salt concentration results in a considerable loss of LRRK2 from the membranes whereas transferrin receptor (CD71) remains in the pellets (Fig. 4B ). These results indicate that LRRK2 is weakly associated with the surface of cellular membranes. To our surprise, LRRK2 does not dissociate from the membranes by solubilization with a non-ionic detergent Triton X-100 at 48C, whereas CD71 is readily solubilized (Fig. 4B ).
LRRK2 binds to detergent-resistant membranes
As stated above, the membrane association of LRRK2 resists solubilization by 1% Triton X-100 at 48C (Fig. 4B ). This finding suggests LRRK2 binding to lipid rafts. Lipid rafts are defined biochemically by their insolubility in ice-cold nonionic detergent and they behave as low-density membranes during equilibrium sedimentation. To test whether LRRK2 binds to lipid rafts, we solubilized HeLa cells in 1% Triton X-100 at 48C and separated the remaining membranes on a sucrose density gradient. Under these conditions, a substantial proportion of endogenous LRRK2 from HeLa cells associates with light membranes, and cofractionates with GPI-anchored protein CD55, a resident protein in lipid rafts (10,21 -23) (Fig. 5A ). As expected, CD71, which is known as a non-raft marker, remains soluble at the bottom fractions (Fig. 5A ). Furthermore, disruption of lipid rafts by depletion of cholesterol with methyl-b-cyclodextrin (MBCD) eliminates the amount of LRRK2 in light membrane fractions. The amount of LRRK2 in lipid raft fractions (fractions no. 4-6), expressed as percentage of total LRRK2 protein, is 22.04 + 9.90% under control and 0% under MBCD conditions (Fig. 5B) . These results indicate that LRRK2 associates with lipid rafts. To visualize the association of LRRK2 with lipid rafts immunocytochemically, we double-stained HeLa cells for endogenous LRRK2 and markers for raft and non-raft membranes. Consistent with the results of the biochemical experiments, LRRK2 colocalized with raft markers such as G M1 and CD55, but not with non-raft marker CD71 (23) (Fig. 5C ). G M1 and CD55 have generally been considered as markers on the plasma membrane (21, 22, 24) . Thus, intracellular LRRK2 does not colocalize with G M1 and CD55, whereas LRRK2 in the cortex of the cells colocalized with these markers.
LRRK2 binds to lipid rafts of synaptic terminals
The association of LRRK2 with lipid rafts in cultured cells prompted us to determine whether LRRK2 associates with lipid rafts in the brain. For this purpose, we fractionated mouse brain extracts by differential centrifugation and analyzed the presence of LRRK2 in each fraction by western blot. LRRK2 is considerably present in the synaptosomal fraction (P2 0 ) and cofractionated with NR1A and synaptophysin, indicating its localization in synaptic terminals, including Figure 4 . LRRK2 localizes at both cytosol and membrane. (A) LRRK2 is concentrated in both the cytosol and membrane fractions of COS-1 and SH-SY5Y cells. Cells were fractionated into whole, cytosol (100 000Âg supernatant) and membrane (100 000 Â g pellet) in detergent-free isotonic buffer. Aliquots of fractions, containing equal amounts of protein, were loaded and followed by immunoblotting. (B) Effects of various salt concentrations and non-ionic detergent on solubilization of LRRK2 and transferrin receptor (CD71). Increasing the salt concentration results in breaking off the connection with the membrane, whereas CD71 remains in the pellets. However, incubation with non-ionic detergent 1% Triton X-100, does not result in release of LRRK2 from the membrane. CD71 is readily solubilized in this condition. Equal volumes of each fraction were loaded, followed by immunoblotting.
682
Human Molecular Genetics, 2007, Vol. 16, No. 6 synaptic plasma membranes (LP1) and synaptic vesicles (LP2). Intriguingly, we also identify LRRK2 signal in the soluble fraction of synaptic terminal (LS2) (Fig. 6A) , again suggesting its weak association with the synaptic membranes. Considering localization of LRRK2 in the synaptic membranes, we then investigated whether lipid rafts contribute to the membrane association of LRRK2 in synaptic terminals. For this purpose, we solubilized synaptosomes (P2 0 ) in 1% Triton X-100 at 48C and fractionated the resultant lysates by sucrose density gradient as described in Fig. 5A . LRRK2 cofractionates with GPI-anchored protein Thy-1.2, a raft-associated protein in neuronal cells (25) . As expected CD71 which does not associate with lipid rafts remains soluble at the bottom of the gradient. Perturbation of the properties of lipid rafts by depletion of cholesterol with MBCD markedly reduces the amount of LRRK2 in light membrane fractions, indicating its association with lipid rafts of synaptic membranes. The amount of LRRK2 in lipid raft fractions (fractions no. 4 -6) , expressed as percentage of total LRRK2 protein, is 55.53 + 16.49% under control and 25.55+ 3.61% under MBCD conditions (Fig. 6B) .
To visualize the association of LRRK2 with lipid rafts in neuronal cells, we double-stained mouse cortical neurons for LRRK2 and raft markers. Consistent with the results of biochemical experiments, LRRK2 colocalizes with raft markers such as Thy-1.2, G M1 , and phosphatidylinositol 4,5-bisphosphate (PIP 2 ) (10, 23, 26, 27) (Fig. 7) . We also analyzed subcellular localization of LRRK2 in mouse primary cultured neurons. In consistent with the data in Fig. 3D , LRRK2 colocalizes with synaptotagmin I in the processes of mouse striatal neurons, indicating its association with synaptic vesicles. In addition, we found perinuclear localization of LRRK2 costained with g-adaptin in mouse cortical neurons (Fig. 7) .
Pathogenic mutations do not disrupt LRRK2-lipid rafts interaction
We examined various LRRK2 mutants identified in patients for their abilities to associate with the membranes. Subcellular fractionation of COS-1 cells transfected with FLAG-tagged mutants shows that all of fusion proteins are mainly collected in the membrane fractions. There are no significant differences in the distribution patterns between WT and these mutants (Fig. 8A) .
To further analyze the association of pathogenic LRRK2 mutants with lipid rafts, COS-1 cells were transfected with I2020T mutant as well as WT LRRK2 as a control. Transfected cells were solubilized with Triton X-100 at 48C and then separated on a floatation gradient. Unexpectedly, the mutant LRRK2 floats up to the light membrane fraction, similar to WT. The amount of LRRK2 in lipid raft fractions (fractions no. 4 -6), expressed as percentage of total LRRK2 protein, is 23.81 + 10.03% in WT and 25.29 + 7.93% in I2020T-transfected cells (Fig. 8B) . Furthermore, we examined the effect of mutant using mouse primary cortical neurons transfected with FLAG-tagged WT and I2020T LRRK2. Confocal microscopic analyses reveal that both the WT and I2020T mutant LRRK2 colocalize with synaptotagmin I and PIP 2 (Fig. 8C) . These results indicate that mutations in LRRK2 alter neither its subcellular localization nor its association with lipid rafts.
DISCUSSION
In the present study, we found that LRRK2 associates with cellular membranes using confocal microscopy and biochemical analysis in COS-1, HeLa, mouse primary neuronal cells and mouse synaptosomes. Immunofluorescence studies using anti-LRRK2 antibody reveal that the labeled structures represent not only diffuse cytoplasmic but also punctate distribution. Therefore, we performed double immunostaining studies to determine the subcellular localization of endogenous LRRK2 and found it localizes to the Golgi apparatus, cellular vesicles and plasma membrane in cultured cells. Cell fractionation studies reveal that LRRK2 is present in both soluble and membrane fractions. We also obtained similar results using cells that overexpressed FLAG-or FLAG-GFP-tagged LRRK2.
It is important to elucidate the precise subcellular localization of LRRK2 to understand the normal function of the protein as well as its role in the pathogenesis of LRRK2-linked PD. West et al. (7) reported that LRRK2 localizes in the cytoplasm and mitochondria in transiently transfected HEK293T cells. In addition, they also used fractionation assay to demonstrate the localization of LRRK2 to the outer membrane of mitochondria (7). We also found that although endogenous LRRK2 colocalizes in part with MitoTracker, which is a mitochondrial marker, it associates mostly with other membrane structures. Our results indicate that LRRK2 associates with cellular membrane structures, such as Golgi apparatus. This finding is consistent with that of a previous study (8) . In addition, we demonstrate that LRRK2 also associates with early endosomes and lysosomes. However, LRRK2 is mainly identified in the Golgi apparatus, synaptic vesicles and plasma membrane rather than lysosomes and mitochondrial localization. In this regard, Biskup et al. (28) Figure 6 . LRRK2 associates with lipid rafts at synaptic membranes in mouse brain. (A) LRRK2 concentrates in various subcellular fractions in mouse brain. Subcellular fractions obtained are designed as described in Methods. Aliquots of fractions, containing equal amounts of protein, were subjected to SDS-PAGE followed by immunoblotting with anti-LRRK2, anti-NR1A and anti-synaptophysin antibodies. (B) Mouse brain synaptosomes (P2' fraction) were untreated (MBCD-) or pretreated (MBCDþ) for 1 h with 15 mM methyl-b-cyclodextrin (MBCD), then extracted with 1% Triton X-100 at 48C and separated by floatation through sucrose gradients. Equal volumes of every fraction were subjected to SDS-PAGE followed by immunoblotting with anti-LRRK2, anti-Thy-1.2 (raft marker) and anti-transferrin receptor (CD71: non-raft marker) antibodies. LRRK2 is solubilized from lipid raft fractions and is shifted to soluble fractions of the gradient after MBCDþ. Immunoreactivity was quantified and expressed as percentage of bound (fractions no. [4] [5] [6] These results indicate that LRRK2 associates with lipid rafts, microdomains on the cellular membrane, which is rich in cholesterol, sphingomyelin, and phospholipids with saturated long chain fatty acids (29) . Lipid rafts are involved in membranous organelles, e.g. Golgi apparatus, endoplasmic reticulum, plasma membrane, synaptic vesicles, mitochondria (30 -33) and selectively incorporate or exclude proteins and thereby govern protein-protein and protein -lipid interactions (34) . Lipid rafts play important roles per se in various cellular functions such as signal transduction, cytoskeletal organization and membrane trafficking including endocytosis and exocytosis (10, 35, 36) . Considering the binding potentials of LRRK2 to lipid rafts at synaptic terminals, LRRK2 could be involved in the vesicular trafficking system such as exocytosis and endocytosis. Further support for the involvement of LRRK2 in vesicular trafficking system is provided by the presence of the ROC domain in LRRK2 similar in sequence to that of Rab family proteins (6) , which are known to participate in exocytosis and endocytosis in conjunction with vesicle Figure 7 . LRRK2 associates with lipid rafts and TGN in mouse cortical and striatal primary neurons. Primary cortical neurons were grown on coverslips. After mild fixation and permeabilization, the cells were double-stained for LRRK2 and Thy-1.2, G M1 , PIP 2 (raft markers), synaptotagmin I (vesicle marker) and g-adaptin (Golgi marker). G M1 was detected using cholera toxin subunit B conjugated to Alexa-555. LRRK2 colocalizes extensively with raft components and Golgi marker. Arrows point to endogenous LRRK2 localized at synaptotagmin I-positive punctate structures. Scar bars ¼ 10 mm.
formation, organelle motility and tethering of vesicles to target membrane (37) . In addition, a kinase domain in LRRK2, known as MAPKKK, belongs to tyrosine kinase-like group (6) and one of which, the Raf/MAPK pathway, is activated within the lipid rafts when cells were infected with Coxsackievirus A9 (38) . Epidermal growth factor (EGF)-dependent activation of Ras and MAPK pathway are also initiated in lipid rafts (39) . Moreover, lipid rafts associate with SNARE proteins and regulate endocytosis and exocytosis (30, 40, 41) . Thus, it is possible that LRRK2 interacts dynamically with lipid rafts and functions as a related molecule in vesicular trafficking system. Interestingly, MacLeod et al. (42) reported that LRRK2 regulates the maintenance of neurite process morphology in mammalian brains. Considering the localization of LRRK2 in lipid rafts, it is possible that LRRK2 plays an important role in axon guidance during development (43) .
To clarify how LRRK2 mutants contribute to the pathogenesis of LRRK2-linked PD, we compared the subcellular localization and lipid rafts association in WT LRRK2 and mutants. Surprisingly, the pattern of subcellular localization and lipid raft association is quite similar in WT and mutants, suggesting that LRRK2 mutants disrupt the normal function of WT on the lipid rafts as dominant negative effect or toxic-gain-offunction. This scenario is consistent with the inheritance mode of autosomal dominant fashion.
Although pathomechanism of PD remains unknown, a single gene defect must induce the nigral degeneration in familial PD. Accordingly, we hypothesize that familial PD-related gene products could share a common pathway. Indeed, a-synuclein and parkin are shown to associate with synaptic membranes (44 -46) and their animal models exhibit altered synaptic functions (47 -49) . Intriguingly, both proteins have been shown to associate with lipid rafts (23, 46, 50) . Therefore, these proteins as well as LRRK2 could be implicated in a common cascade of nigral degeneration. Indeed, parkin interacts with a-synuclein (51) and LRRK2 (52) . PINK1, a protein responsible for an autosomal recessive form of PD (53, 54) , also resists various detergents and could associate with lipid rafts (55) . These proteins could associate with each other at lipid rafts and perturbation of their interaction as well as lipid raft association might induce neuronal degeneration in PD. Understanding the physiological interactions between these proteins at lipid rafts may provide insights into the mechanism of neuronal degeneration and therapeutic approaches in PD.
MATERIALS AND METHODS
Antibodies and plasmids
FLAG (M2, HRP-M2, polyclonal) and g-adaptin (mouse monoclonal) were purchased from Sigma-Aldrich (St Louis, MO). Monoclonal antibodies to Flotillin-1 (mouse), EEA1 (mouse), Thy-1.2 (rat) and NMDAR1 (mouse) were purchased from BD Biosciences Pharmingen (San Diego, CA). Rabbit polyclonal antibody to CD-55 (used for immunoblotting) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal antibodies to synaptophysin (mouse), transferrin receptor (CD71; mouse), CD55 (for immunocytochemistry; mouse), PIP 2 (mouse) and synaptotagmin I (mouse) were purchased from Progen Biotechnik (Heidelberg, Germany), Invitrogen-Molecular Probes (Eugene, OR), EMD Biosciences-Calbiochem (Darmstadt, Germany), Assay design (Ann Arbor, MI) and Wako Pure Chemical Industries (Osaka, Japan), respectively. Two types of rabbit polyclonal anti-LRRK2 antibodies were purchased from Chemicon International Inc. (Temecula, CA) and Novus Biologicals, Inc. (Litteleton, CO). Secondary antibodies conjugated to horseradish peroxidase were purchased from GE HealthCare Bio-Sciences (Piscataway, USA) and Alexa 488, 568 and 594 conjugated secondary antibodies were from InvitrogenMolecular Probes. A polyclonal antibody to human LRRK2 was raised by immunizing rabbits with synthetic peptides at C terminal 18 a.a. (HIEVRKELAEKMRRTSVE). Anti-serum was affinity-purified on columns against synthetic peptides. The pRK5-FLAG-LRRK2 vector (in-frame fusion of fulllength LRRK2 at the C-terminus of FLAG tag) was a kind gift from Drs Hanafusa, Matsumoto (Nagoya University) and Shibuya (Tokyo Medical and Dental University). The vector was digested with BamHI at the site between FLAG tag and LRRK2, and then a GFP tag was inserted (FLAG-GFP-LRRK2) (Fig. 1A) . To generate LRRK2 mutant vectors, the QuikChange site-directed mutagenesis kit (Stratagene; La Jolla, CA) was used at provided condition. The amino acid sequence of each vector was compared with the current Entrez database entry for LRRK2 (accession No. AY792511).
Cell culture
COS-1, HeLa and SH-SY5Y cells were grown in Dulbecco's modified Eagle's medium (Sigma-Aldrich) with 10% fetal bovine serum (FBS; Sigma-Aldrich) and 1% penicillinstreptomycin (PS; Invitrogen-GIBCO) at 378C and 5% CO 2 . To induce cell differentiation, SH-SY5Y cells were incubated in complete medium plus 10 mM retinoic acid (SigmaAldrich) for 2 weeks. Primary cortical and striatum neuronal cells containing glia cells were prepared from E15.5 C57B6J mice and cultured on Fisherbrand 'coverglass for growth' (Fisher Scientific, Pittsburgh, USA) in starting medium (F12 and minimum essence medium with 10% FBS, 1% PS, and 0.001% insulin) for 3 days, incubated sequentially with 0.5 mM Ara-C (Sigma-Aldrich) in maintenance medium (F12 and minimum essence medium with 5% calf serum, 5% horse serum, 1% PS, and 0.001% insulin) for 5 days. When indicated, cells were transfected by using Lipofectamine 
RNA interference
HeLa cells were transfected with siRNAs using Lipofectamine TM 2000 at indicated conditions. LRRK2 knockdown was achieved using LRRK2 siRNA (sense siRNA: 5 0 -CAAUGUCAGGUGUUAUAAUAU-3 0 ), and a siCON-TROL RISC-Free (a commercial base non-silencing siRNA) (Dharmacon Inc., Chicago, IL) was used as control.
Immunocytochemistry
Cells were fixed for 10 min in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS), permeabilized with PBS containing 0.2% Triton X-100 (Sigma-Aldrich) for 5 min on ice. After blocking (1Â BlockAce; Yukijirushi Co.) for 30 min, cells were incubated overnight with primary antibodies at 48C, then incubated for 1 h with secondary antibodies and 1 nM of 6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) at room temperature. At the time of staining detergent-resistant membrane, cells were fixed for 5 min in 4% PFA and permeabilized with 0.02% Triton X-100 on ice. When indicated, cells were incubated for 30 min at 378C with MitoTracker Red CMXRos or LysoTracker RedDND-99 (Invitrogen-Molecular Probes) in complete medium before fixation. To stain G M1 , cells were incubated for 30 min at 48C with Vybrant Alexa Fluor 555 (InvitrogenMolecular Probes). Slides were mounted with Vectashield (Vector Laboratories, Burlingame, CA) and analyzed by using Zeiss LSM 510 confocal microscopy.
Cell fractionation
For cell fractionation studies, cultured cells (COS-1, SH-SY5Y, HeLa) were washed three times with PBS, Human Molecular Genetics, 2007, Vol. 16, No. 6 scraped and centrifuged at 400Âg for 5 min. Cell pellets were resuspended in homogenization buffer (20 mM HEPES pH 7.2, and 0.25 M sucrose) in the presence of a cocktail of protease inhibitors (Complete Mini, EDTA-free; Roche, Boehringer Mannheim), and sonicated at 48C (10 s three times). The nuclei and unbroken cells were then pelleted by centrifugation at 1000Âg for 10 min. The supernatant was centrifuged at 100 000Âg for 1 h at 48C to separate cytosolic and membrane fractions. For the study of effects of salts and non-ionic detergent on the solubilization of LRRK2, the membrane fraction was resuspended for 30 min with homogenization buffer with 50, 150 and 1000 mM sodium chloride or 1% Triton X-100 on ice. After separation of soluble and insoluble materials by centrifugation, equal volumes of each fraction were subjected to western blot with anti-LRRK2 and anti-CD71 antibodies.
Preparation of synaptic vesicles from mouse brain
The experimental protocol was approved by the Ethics Review Committee for Animal Experimentation of Juntendo University School of Medicine. Synaptic vesicles were prepared as described previously (45, 56) , with minor modification. Briefly, myelin-rich medulla oblongata was removed from brains of two mice, and placed into 9 ml ice-cold synaptosome homogenizing buffer (320 mM sucrose and 4 mM HEPES, pH 7.4) with Complete Mini, EDTA-free and phosphatase inhibitor cocktails I and II (Sigma-Aldrich). Tissues were homogenized using glass-Teflon homogenizer (12 up and down stroked, 900 r.p.m.). The homogenized brain sample was centrifuged for 15 min at 1000Âg. The pellet (P1) was discarded, while the supernatant (S1) was centrifuged for 15 min at 12 000Âg. The supernatant (S2) was removed and the pellet (P2) was washed with synaptosome homogenizing buffer, and then centrifuged for 15 min at 13 000Âg. After removal of the supernatant (S2 0 ), the pellet (P2 0 ) was collected as crude synaptosome. P2' was subsequently resuspended with the synaptosome homogenizing buffer to yield a final volume of 600 ml, then 5.4 ml of ice cold distilled water was added with Complete Mini, EDTA-free. The samples were immediately subjected to five up-and-down strokes at 1200 r.p.m. and mixed with 50 mL 1M HEPES, pH 7.4, then centrifuged for 20 min at 33 000Âg to yield the lysate pellet (LP1) and lysate supernatant (LS1). The supernatant was centrifuged for 2 h at 260 000Âg. The supernatant (LS2) was removed and the pellet (LP2) was resuspended with 300 ml of the synaptosome homogenizing buffer. To loosen the pellet, samples were extruded consecutively through a 23-gauge and a 26-gauge hypodermic needle attached to a 1 ml syringe. The concentration of protein in each fraction was calculated by BCA protein assay kit (Pierce, Rockford, IL). Finally, 10 mg proteins from each fraction were analyzed by SDS-PAGE followed by immunoblotting.
Isolation of detergent-resistant membranes (DRMs)
DRMs were isolated from COS-1 cells, HeLa cells and mouse crude synaptosomes as described previously (23, 50) . Briefly, samples of cultured cells or crude synaptosomes were resuspended in DRMs lysis buffer (25 mM MES, pH 6.5, 50 mM NaCl, 1 mM NaF, 1 mM Na 3 VO 4 and 1% Triton X-100) with Complete Mini, EDTA-free and phosphatase inhibitor cocktails I and II. Samples were incubated on ice for 30 min with Dounce homogenization every 10 min. The lysate was adjusted to 42.5% sucrose, overlaid with 35 and 5% sucrose in lysis buffer without detergent and ultracentrifuged at 275 000Âg for 18 h. Ten fractions were collected from top to bottom. Equal volumes of each fraction were analyzed by western blot. For quantitative western blot, protein bands were quantified using ImageJ software (http://rsb.info.nih. gov/ij/). The amount of LRRK2 immunoreactivity in raft fractions (fractions no. 4 -6) was expressed as percentage of the sum of LRRK2 immunoreactivity in every fraction. Differences between fractions were tested for statistical significance by using the Student's t-test.
To deplete cholesterol, HeLa cells and mouse synaptosomes were treated with MBCD (Sigma-Aldrich) as described previously (23, 25) . HeLa cells were starved for 2 h in serum-free medium and incubated for 1 h at 378C in 20 mM MBCD. Mouse synaptosomal preparations (P2 0 ) were treated for 1 h at 378C in sodium buffer (10 mM glucose, 5 mM KCl, 140 mM NaCl, 5 mM NaHCO 3 , 1 mM MgCl 2 , 1.2 mM Na 2 HPO 4 and 20 mM HEPES, pH 7.4) with Complete Mini, EDTA-free, phosphatase inhibitor cocktails I and II and 15 mM MBCD (25) . After depletion of cholesterol, lipid rafts were obtained as described above.
Immunoblotting
Cell lysates were mixed with Laemmli sample buffer and incubated at room temperature for 2 h. The samples were resolved on 3-8% NuPAGE Tris-Acetate polyacrylamide gels (Invitrogen) in 1 Â NuPAGE Tris-acetate running buffer and transferred onto polyvinylidene fluoride (PVDF) membrane (Bio-Rad Bioscience; Hercules, CA). The membranes were blocked for 1 h in PBS containing 0.05% Tween-20 (PBS-T) and 5% non-fat milk (BD Difco) and then incubated overnight at 48C with the primary antibody. The membranes were washed with PBS-T four times followed by incubation for 1 h at room temperature with horseradish peroxidaseconjugated anti-mouse, rabbit and rat IgG (1:2000 dilution) and immunoreactivity assessed by chemiluminescence reaction using ECL plus reagent (GE Health Care Bio-Sciences) or Western Lightning (Perkin Elmer-Cetus, Foster City, CA).
